The authors carried out experimental and analytical research to evaluate the flexural capacity and the moment-deflection relationship of concrete beams reinforced with GFRP bars. The proposed model to predict the effective moment of inertia for R/C beam with GFRP bars was developed empirically, based on Branson's equation to have better accuracy and a familiar approach to a structural engineer. For better prediction of the moment-deflection relationship until the ultimate strength is reached, a nonlinear parameter ( ) was also considered. This parameter was introduced to reduce the effect of the cracked moment of inertia for the reinforced concrete member, including a lower reinforcement ratio and modulus of elasticity of the GFRP bar. In a comparative study using six equations suggested by others, the proposed model showed better agreement with the experimental test results. It was confirmed that the empirical modification based on Branson's equation was valid for predicting the effective moment of inertia of R/C beams with GFRP bar in this study. To evaluate the generality of the proposed model, a comparative study using previous test results from the literature and the results from this study was carried out. It was found that the proposed model had better accuracy and was a familiar approach to structural engineers to predict and evaluate the deflection behavior.
Introduction
Service life of reinforced concrete (RC) structures can be decreased by a number of factors including harsh environmental conditions and unexpected excessive external loads. One of the main factors contributing to degradation of structural condition is the corrosion of steel reinforcement. Hence, using a noncorrosive reinforcement can be an effective solution to increase the service life of RC structures. In many regions, fiber-reinforced polymer (FRP) bars have been of considerable interest to civil (structures) and structural engineers for strengthening and reinforcing concrete as a substitute for steel bars. Their high strength-to-weight ratio, corrosion-free properties, and ease of handling during construction are considered advantages for application in civil structures. Much structural research using FRP bars has been performed in field applications and there are now guidelines for the design and construction of concrete reinforced using FRP bars, such as the AASHTO LRFD Bridge Design Specification, ACI 440 guidelines, and the Canadian Design Code [1] [2] [3] .
The flexural capacity of reinforced concrete members with GFRP bar has been an issue in structural design due to the relatively low modulus of elasticity, which causes a larger deflection and crack width. Thus, the flexural behavior of reinforced concrete members with GFRP bar should be investigated further with respect to serviceability. The prediction of deflection behavior is one of the most important criteria in evaluating and ensuring the serviceability of concrete member. ACI 318-14 [4] uses an equation for the moment of inertia based on Branson's equation [5] to calculate the deflection of reinforced concrete beams. Recently, ACI 440.1R-15 [2] recommended a new model for the moment of inertia for reinforced concrete members with GFRP bar that was not 2 International Journal of Polymer Science based on Branson's equation in contrast with ACI 440.1R-06 [6] . The Branson-based equation has long been familiar to most structural engineers in designing flexural concrete members. For Reinforced concrete members with GFRP bar, Branson's equation had been modified to predict the deflection as accurately as possible. The significant modifications were to correct the power of and to add a parameter.
In this study, we suggest a modified effective moment of inertia and carried out a comparative study regarding the deflection behavior of R/C beams with GFRP bar with experimental tests. For the comparative study, six equations including some from individual research were considered. The proposed model was developed based on Branson's equation to provide a familiar approach to calculate the moment of inertia for R/C beams with GFRP bar. This model was empirically modified according to the test results of the six test specimens with variables of the reinforcement ratio. For better prediction of deflection until ultimate strength was reached, an empirical nonlinear parameter was introduced to reduce the effect of the cracked moment of inertia. Among the equations, the degree of accuracy in the prediction of deflection behavior for the new moment of inertia suggested in this study was analyzed and predictability was discussed.
Existing and Proposed Equations for the Moment of Inertia for FRP Bar-Reinforced Concrete Flexural Members
Branson's equation generally underestimates the deflection of FRP-reinforced concrete beams. Benmokrane et al. [7] modified the equation to make it more suitable for evaluating the deflection of FRP-reinforced concrete beams based on experimental data. The equation is as follows:
where is the gross moment of inertia (mm 4 ), cr is the moment of inertia of transformed cracked section (mm 4 ), cr is the cracking moment (N⋅m), and is the maximum service load moment in member (N⋅m).
The noticeable difference lies in the modification of and .
reflects the reduced composite action between the concrete and FRP bars. However, has no physical significance because there was no justification for reducing . and were 0.84 and 7, respectively. ACI 440.1R-06 [6] recommended an equation for the effective moment of inertia based on Branson's model. There was an additional factor for considering the reduced tension stiffening of FRP-reinforced concrete members. This model has been commonly used to calculate the moment of inertia of FRP-reinforced concrete members, so that the deflection of the cracked section can be calculated:
where is the reduction factor related to the reduced tension stiffening exhibited by R/C member with FRP bar
is the reinforcement ratio of GFRP bar, and is the balanced reinforcement ratio of GFRP bar.
Toutanji and Saafi [9] empirically suggested an equation for the effective moment of inertia for reinforced concrete beam with GFRP bar. Their equation focused on the modification factor of the power of in (1). The factor was based on applying the modulus ratio to the reinforcement ratio of the FRP bar. By only modifying the power of , the conventional form of the equation, which is familiar to structural engineers, was maintained. The equation predicted the deflection of the tested R/C beams with GFRP well. Consider
where = 6 − 10 F F / . For the Canadian Code for reinforced concrete members with FRP bar, CAN/CSA S806-12 [3] suggested the following equation (see (4) ) for calculating the deflection. The equation was based on the conventional equation for calculating deflection under four-point loading. It uses the cracked moment of inertia, while ACI 440.1R-15 [2] uses the effective moment of inertia. However, additional equation terms referring to shear span, span length, and uncracked length in half of the beam were included. This equation requires a calculation-intensive process subject to human error; thus, the code also provides closed-form equations for common loading and support conditions. Hence,
where is the shear span (mm), is the total applied load (N), is the span length (mm), is the uncracked length in half of the beam (mm) (= ( cr / )), and is the modulus of elasticity of concrete (MPa), = (1 − cr / ).
Recently, the other semiempirical model was suggested by modifying Branson's equation according to experimental results and a genetic algorithm approach [10] . For better prediction, some of the factors were developed empirically. The model, which has two multiplying factors and an exponential factor , was analyzed using experimental data for 55 FRP-reinforced concrete beams for the load-deflection relationship. The effects of the elastic modulus of FRP bars, reinforcement ratio, and level of loading on the power of in Branson's equation are taken into account in (5) as follows: : GFRP reinforcing bar used in this study [8] .
(1/ ), as shown in (6) . It was reported that the equation works equally well for both steel-and GFRP-reinforced concrete members with no empirical parameter [11] . Therefore,
where is the parameter to account for the variation in stiffness along the length of the member for four-point bending. Hence,
Intelligent sensing for innovative structures [12] recommended following (8) of the effective moment of inertia for FRP bar-reinforced concrete beams. This equation added additional corrective terms in a modified Branson equation with more experimental data. The notations are introduced above in equations from (1) to (6) . Here, we have
Experimental Tests

Description of the GFRP Bar.
The GFRP reinforcing bar used in this study is developed reinforcement having a similar outer shape to conventional steel bars. It consists of continuous longitudinal glass fibers with a 67% volume fraction in a thermosetting epoxy. A typical pultrusion process was adopted. To enhance the shear resistance under bonding, milled glass fiber ribs were formulated on the GFRP core.
To form the fiber ribs, a steel mold was used in the curing process. The rib section of the GFRP bar was manufactured by mixing milled glass fiber and epoxy at a ratio of 1 : 1 by weight, and it was cured for 15 min at a temperature above 160 ∘ C. Details of the external shape of the GFRP bar with fiber ribs were provided by Ju and Oh [8] (Figure 1(b) ).
The GFRP bar used for the tensile area had a nominal diameter of 9.53 mm. Tensile tests were conducted with eight test specimens according to ACI 440.3R-04 [13] . The tensile specimens were loaded through thick plates at the anchored ends. A universal testing machine (UTM) with a capacity of 2,000 kN was used and the loading rate was 17.8 kN/min. Among the test specimens, the maximum tensile strength was found to be 871.4 MPa. Table 1 summarizes the tensile strength of the GFRP bar. The guaranteed tensile strength with standard deviation was calculated to be 616.0 MPa. The designed tensile strength was calculated by multiplying the environmental reduction factor (0.7, for external exposure) in compliance with ACI 440.1R-15 [2] , resulting in 539.1 MPa. The modulus of elasticity was found to be 42.9 GPa, within the general range of the modulus of elasticity for GFRP bars.
Test Setup.
For a GFRP bar, the conventional ductility design used for steel bars is not appropriate because of the absence of a yield point. Three types of R/C beams with GFRP bar were designed according to ACI 440.1R-15 [2] : FRP rupture (FB-1), balanced (FB-2), and concrete crushing (FB-3) failure. Three different amounts of longitudinal reinforcement GFRP bar were used: 2D10 for FB-2, 3D10 for FB-3, and 4D10 for FB-4. D indicates the nominal diameter of the GFRP bar. For the balanced FB-2, it may be regarded as FRP rupture failure with concrete crushing. Each specimen consisted of two identical beams. The flexural test was conducted by four-point bending. Figure 2 shows the test setup and measurement details. The dimensions of the test beams were as follows: 180 mm wide, 230 mm deep, and 2,000 mm long. The pure span was 1,600 mm. The shear span of / , which can determine the governed behavior of the flexural beam, was calculated to be between 3.7 and 3.9; thus, the beam was regarded as being subjected to flexural behavior. To monitor the structural behavior of the beam, linear variable differential transformers (LVDTs) were installed at the bottom surface of the concrete in the midsection. Two electric resistance strain gauges were attached to the surface of the centered GFRP bar for FB-2 and the outer GFRP bar for FB-1 and FB-3 at the midsection. The two loads were automatically applied to the beam at a rate of 2 kN per minute using MTS loading machine. All data (forces, strains, and deflections) were collected by an automated data acquisition system. For crack width, a crack measure was used and crack width was investigated visually at the individual loading step. For the concrete, the average 28-day compressive strength was 27.0 MPa and the flexural tensile strength of the concrete was approximately 2.4 MPa.
Flexural Test Results and Discussion.
Flexural failure and crack patterns are shown in Figure 3 . The specimens failed in a typical flexural failure manner. FB-1 showed a cracking load of 12.0 kN. The failure was governed by rupture of the GFRP bars. The maximum crack width at the midsection was investigated visually and found to be 0.9 mm. The FB-2 specimen initiatally failed by crushing of the concrete and then finally collapsed due to rupture of the GFRP bar. Consequently, the failures showed compression tension failure with rupture of the GFRP bar and the maximum crack width was 0.7 mm. In the case of the FB-3 specimen, it showed conventional concrete crushing failure without rupture of the GFRP bar. The maximum crack width was measured as 0.4 mm at the midsection. For flexural capacity, it was found that the designed failure modes represented the experimental modes of failure and the crack width was reduced as the reinforcement ratio was increased. Cracking in the flexural zone predominantly consisted of vertical cracks perpendicular to the direction of maximum principle stress induced by the pure flexural moment. Cracking was initiated at the middle of the span and then propagated toward the supports. Eventually, shear stress became more important and induced inclined cracks. When reaching ultimate strength, flexural cracks propagated towards the vicinity of the load points on the compressive face of the beams. All test beams showed significant flexural cracking before inclined cracks joined flexural cracks. For an analytical approach regarding the nominal flexural moment, the equation from ACI 440.1R-15 [2] was used with a varying reinforcement ratio. When < , the controlling limit state is rupture of the FRP bar and the nominal flexural strength can be computed. Based on the equilibrium of forces and strain compatibility, (10) can be derived. Otherwise, when > , the design tensile strength ( ) in (10) is changed to the stress in FRP ( ) in tension (see (9) ). Table 2 shows the experimentally and analytically obtained flexural moment strengths of R/C beams with GFRP bar. The theoretical moment strength was evaluated and was about 20% lower than that of the moment strength in the experimental test. This may be due to variation resulting from the small number of test specimens. However, the calculated moment strength could well represent the structural capacity as a conservative prediction. For structural stiffness, defined by dividing the average load by the average deflection at ultimate strength, FB-1, FB-2, and FB-3 showed values of 1.58, 1.65, and 2.78, respectively. It was found that the structural stiffness increased according to the increase in the reinforcement ratio of the GFRP bar:
where is the nominal flexural strength (kN⋅m), is the depth of equivalent rectangular stress block (mm), is the stress in the FRP bar in tension (MPa), is the design tensile strength of the FRP bar (MPa), is the design or guaranteed modulus (MPa), is the ultimate strain in concrete (0.003), 
Comparative Study for the Prediction of Deflection Behavior Using the Proposed and Existing Models for Calculating the Effective Moment of Inertia
In this paper, a semiempirical prediction model for the effective moment of inertia is proposed. The model is based on Branson's equation and the modification methodology followed the empirical approach of Toutanji and Saafi [9] . As shown in Figure 4 , deflection of the R/C beam with GFRP bars was affected by the reinforcement ratio of GFRP bars as well as the elastic modulus of the GFRP bar. A notable parameter, , to reflect the nonlinear behavior of the R/C beams with GFRP bar, is considered empirically to provide good agreement with the experimental tests in this study (see (11) ). This factor was used to reduce the effect of the cracked moment of inertia for the reinforced concrete member by including a lower reinforcement ratio and modulus of elasticity for GFRP bar. This considering parameter is the curve fitting factor. Its concept was empirically derived by investigating the results of moment-deflection relationship from the considering equation commented on above in this study. In Figure 6 , the considering equations showed the stiff curve as a bilinear behavior up to failure of the test specimen. However, the test result exhibited a nonlinear behavior up to failure so that it can be estimated that a reducing factor should be needed for the good curve fitting to the experimental results. It resulted in a decrease in the effective moment of inertia so that the calculated deflection was increased according to the increase in applied loading. Figure 4 illustrates the basic concept of considering in the proposed model. Using , the stiffness of the deflection behavior can be softened slightly. This analytical concept may be more appropriate for a concrete member reinforced with
Experiment
Proposed model ACI 440 1R-06 [6] Toutanji and Saafi [9] ISIS Canada [15] ACI 440 1R-15 [2] Mousavi et al. [10] Benmokrane et al. [7] I e [7] I e [10] I e [2] I e [9] I e [15] I e [6] a material with a lower reinforcement ratio and modulus of elasticity:
where = 6 − 13 F F / and is a nonlinear parameter (= 1/11( cr / )) 4 . In total, six codes and developed equations were investigated for a comparative study of the moment of inertia and load deflection according to the experimental tests and the model proposed in this study. For this, a representative specimen for each reinforcing group was considered for the comparison study because of their similarity of the tested results. There are some studies showing that the evaluation of structural capacity of FRP bar-reinforced concrete beam using only one representative specimen for each reinforcing group was successfully done [14, 15] . Figure 5 shows the results of the comparative study on the effective moment of inertia. There is a noticeable discrepancy between the experiment and equation approaching an applied moment of 5 kN⋅m. ACI 440 Committee [6] , Toutanji and Saafi [9] , and the proposed model showed better agreement with good nonlinear prediction of the experimentally obtained effective moment of inertia after the cracking of the concrete. The other equations, such as those of ACI Committee 440 [2] , ISIS Canada [12] , Mousavi et al. [10] , and Benmokrane et al. [7] , showed large drops in the gross moment of inertia ( ) after the cracking of the concrete. They did not represent the hardening behavior of the experimental results well. Two of the prediction models modified from Branson's equation showed good agreement with the experimental results, while the other two models with modified Branson equations showed relatively larger discrepancies. This was caused by 7
Experiment Proposed model
Benmokrane et al. [7] Mousavi et al. [10] ISIS Canada [15] Toutanji and Saafi [9] ACI 440 1R-15 [2] ACI 440 1R-06 [6] application of the empirical parameters, such as the power of or the multiplying constants. Figure 6 shows the moment and midspan deflection curve for the FB-1 specimen, which consisted of two R/C beams with GFRP bar. Except for Toutanji and Saafi [9] , ACI 440 Committee [6] , and Benmokrane et al. [7] equations, plasticity behavior was detected after cracking. These equations underestimated the cracking behavior of the FB-1 specimen, while the experimental results showed hardening behavior with the applied moment. The equation of Mousavi et al. [10] showed the highest stiffness in predicting the deflection. They used almost-identical multiplying constant for the gross and cracked moments of inertia; however, the power of was different from that of Benmokrane et al. [7] . This difference might make the flexural stiffness in the prediction of deflection more relaxed than that of Benmokrane et al. [7] .
ACI 440 Committee [6] and Toutanji and Saafi [9] showed good accordance in deflection behavior until around half of the applied moment; however, after the loading stage, these models behaved as a linear-dependent prediction of deflection. Thus, the difference in the prediction of deflection was increased until the ultimate moment. For the proposed equation, with a nonlinear parameter , it was found that it best predicted the deflection behavior in the experimental test until failure. In Figures 7-10 , the analytical effective moment of inertia-applied moment strength and momentdeflection curves obtained from the six equations and the proposed model are compared with the experimental results for FB-2 and FB-3 specimens. The trends in the prediction of deflection were similar to that of the FB-1 specimen, where the ACI 440 Committee [6] , Toutanji and Saafi [9] , and the proposed models still showed better agreement, with good nonlinear predictions of the experimentally obtained ACI 440 1R-06 [6] Toutanji and Saafi [9] ISIS Canada [15] ACI 440 1R-15 [2] Mousavi et al. [10] Benmokrane et al. [7] 
Experiment
Proposed model I e [7] I e [10] I e [2] I e [9] I e [15] I e [6] Figure 7: Moment-midspan deflection of FB-2.
Benmokrane et al. [7] ISIS Canada [15] Toutanji and Saafi [9] ACI 440 1R-15 [2] Mousavi et al. [10] ACI 440 1R-06 [6] Experiment Proposed model effective moment of inertia after cracking of the concrete. The experimental moment-deflection curves of FB-2 and FB-3 did not show good agreement with the analytical curves derived from the six equations considered herein but are in good agreement with the proposed model.
The six equations evaluated the moment-deflection response, which was linear compared with the actual response of the test specimens after cracking until ultimate strength is reached. Unlike the ACI 440.1R-06 [6] , Toutanji and Saafi [9] , and the proposed model, the other equations Toutanji and Saafi [9] ISIS Canada [15] Mousavi et al. [10] Benmokrane et al. [7] ACI 440 1R-15 [ 
Proposed model I e [7] I e [10] I e [2] I e [9] I e [15] I e [6] Figure 9: Moment-midspan deflection of FB-3.
Mousavi et al. [10] ACI 440 1R-06 [6] ISIS Canada [15] Toutanji and Saafi [9] ACI 440 1R-15 [2] Benmokrane et al. [7] did not represent the tension-stiffening effect of the test specimens until around half of the ultimate strength. The reason may be that the equations evaluate the effective moment inertia to be much less than that of the test specimen until the loading stage, and then they respond with a linearly hardening prediction until ultimate strength. The proposed model, however, represented the momentdeflection response well, even the nonlinear behavior, until ultimate strength.
Comparative Study for Validation of the Proposed Model
To evaluate the generality of the proposed model, some of the previous test results were considered: specimen A1 from Aiello and Ombres [16] , specimen BC2HA from Thériault and Benmokrane [17] , specimen F1 from Pecce et al. [18] , specimen Series 1 from Benmokrane et al. [7] , and specimen Group 2 from Al-Salloum et al. [19] . Furthermore, the tested specimens, FB-1, FB-2, and FB-3, from this study were also compared according to the order of the calculated value of equivalent reinforcement ratio with the modulus ratio, F F / . F F / normalized the reinforcement ratio of the FRP bar to steel bar properties and must be an important index to investigate the validation of momentdeflection behavior with the proposed model. The application criteria of F F / can be determined to evaluate the structural behavior of concrete beams reinforced with various reinforcement ratios. Figure 11 shows the results of the comparative study using the proposed model. The results showed that the proposed model reasonably described the moment-deflection behavior of the considered test specimens when F F / was varied from 0.00068 to 0.006. However, the proposed model showed overestimation as F F / was increased, for example, to 0.006 for Group 2, so that the application boundary should be investigated further. The FB series showed relatively good agreement with the experimental tests due to the reference specimens used in this study. For the other specimens, the ascending trend was described well with the experimental results and some discrepancies were detected after cracks occurred. There are some influencing parameters such as concrete property, size effect, and bar type for bonding property. In particular, the bond performance of FRP bar in concrete beam may be more affected by flexural loads than uniaxial tensile load due to its different surface treatment including chemical adhesion property. Further accurate analysis about this should be discussed by experimental and analytical study.
Conclusions
In this study, we carried out experimental and analytical research to evaluate the flexural capacity and the momentdeflection relationship of concrete beams reinforced with GFRP bars. The proposed model suggested for the effective moment of inertia of R/C beams with GFRP bar could reasonably describe the moment-deflection relationship. The conclusions drawn are as follows: and a material with a lower modulus of elasticity. For comparison with experimental tests, three types of R/C beams with GFRP bar were designed and tested. The predictability of the proposed model was evaluated.
(ii) The comparative study used six equations and the proposed model to calculate the effective moment of inertia and applied moment relationship and found that the equations of ACI 440.1R-06 [6] , Toutanji and Saafi [9] , and the proposed models showed better agreement with the experimental results. The other three equations considerably underestimated the moment of inertia immediately after concrete cracking. From this result, it was confirmed that the empirical modification based on Branson's equation was valid for predicting the effective moment of inertia and applied moment of the R/C beams with GFRP bar.
(iii) For the prediction of deflection in the experimental tests, the proposed model showed the best predictability among the equations considered. The new model showed better agreement with the deflection behavior of the GFRP bar-reinforced concrete beam until ultimate strength, even with respect to the nonlinear behavior. To evaluate the generality of the proposed model, a comparative study using previous test results, as well as the results from this study, was carried out regarding the moment-deflection relationship. For further study, with regard to the difference in bonding properties of FRP bars, the proposed model could reasonably describe the momentdeflection relationship for the test results considered from previous research and the test results in this study.
(iv) This study confirmed the predictability of the proposed model for the effective moment of inertia. It was found that the modification methodology with an empirical approach was applicable. In terms of future research, it is important that a comparative study with varying reinforcement ratios, bonding properties of FRP bars, and size effects of concrete beams is conducted.
